As a member from S100 calcium-binding protein family, S100A4 is ubiquitous and elevated in tumor progression and metastasis, but its role in regulating obesity has not been well characterized. In this study, we showed that S100A4 was mainly expressed by stromal cells in adipose tissue and the S100A4 level in adipose tissue was decreased after high-fat diet (HFD). S100A4 deficient mice exhibited aggravated symptoms of obesity and suppressed insulin signaling after 12 weeks of HFD. Aggravated obesity in S100A4 deficient mice were found to be positively correlated with higher inflammatory status of the liver. Then, we found that extracellular S100A4 or overexpressed S100A4 inhibited adipogenesis and decreased mRNA levels of inflammation gene in 3T3-L1 adipocytes in vitro; whereas small interfering RNA (siRNA)-mediated suppression of S100A4 displayed the opposite results. Additionally, the protective effect induced by S100A4 during HFDinduced obesity was tightly related with activation of Akt signaling in adipose tissues, as well as livers and muscles. Taken together, we demonstrate that S100A4 is an inhibitory factor for obesity and attenuates the inflammatory reaction, while activating the Akt signaling, which suggest that S100A4 is a potential candidate for the treatment of diet-induced obesity and its complications.
Introduction
Obesity is an international healthcare priority due to its increasing prevalence and its association with type 2 diabetes (T2D) [1] . Excessive energy intake and metabolism disequilibrium lead to the excessive accumulation of fat, which is deemed as the major cause driving of obesity development [2, 3] . Notably, inhibited insulin signaling of target tissues, including adipose tissue, occurs at the onset of metabolic diseases [4, 5] .
Disturbed insulin pathway has been established as one of the main pathogenic factors for adiposity and its complications [6, 7] . Fasting hyperglycemia, due to increased rates of hepatic gluconeogenesis, and the inability of insulin to suppress this process are the hallmark of obesity-related T2D [8, 9] . Multiple factors contribute to the obesity-related insulin signaling inactivation, which is caused by a high-fat diet (HFD), including inflammatory factors and unbalanced adipokines [10] [11] [12] . Expounding the underlying mechanisms at the interface between adiposity and insulin pathway counts a great deal in searching for novel therapeutic approaches for obesity and its complications. S100A4, also known as fibroblast-specific protein 1, is a member of the S100 calcium-binding protein family and was first cloned in metastatic cells and fibroblasts [13, 14] . It is expressed in various cell types, including fibroblasts, macrophages and tumor cells [15] [16] [17] [18] [19] [20] . S100A4 was reported to be intracellular, or secreted as a normal cytokine, and it plays important roles in tumor cell survival and metastasis [19, 21, 22] . In addition, it is also involved in a wide range of biological functions, such as fibrogenesis and particularly inflammation regulation [16, 23, 24] . Previous studies have shown that S100A4 stimulated the releasing of various cytokines and growth factors that favors the inflammation process [25] . On the other hand, inflammation state in tissues was tightly associated with the HFD-induced obesity and obesity-related metabolic syndromes [26, 27] . However, the specific role of the S100A4 protein in obesity development and obesity-related inflammation has not been well identified. In this study, we showed that S100A4 was mainly expressed by stromal cells in adipose tissue and protected mice from HFD-induced obesity and glucose intolerance. Furthermore, S100A4 deficiency aggravated hepatic lipid accumulation and inflammation, and both extracellular and endogenous S100A4 promoted insulin signaling activation. Thus, S100A4 may represent a potential candidate for the treatment and prevention of dietinduced obesity and insulin resistance.
Materials and methods
Mice, diet, and treatments C57BL/6 mice (wild type (WT)) were obtained from Vital River (Beijing, China). S100A4 knockout mice (S100A4 −/− ) on C57BL/6 background were purchased from the Jackson Laboratory in the United States (Bar Harbor, ME, USA). The mice were all male and 6-week-old before the diets administration. All mice were bred under specific pathogen-free conditions in the animal facilities at the Institute of Biophysics, Chinese Academy of Sciences. All animal studies were performed after being approved by the Institutional Laboratory Animal Care and Use Committee. Half of the mice were fed a control diet (CD, 10% of total energy from fat, Trophic, Nantong, China) and half of mice were fed an HFD (60% of total energy from fat, Supplementary Table 1 ) to induce obesity. Mice were fed a CD or an HFD for 12 weeks. Twelve weeks after HFD, all mice were sacrificed. At necropsy, the abdominal fat (retroperitoneal) of mice were carefully excised and weighed.
Metabolic measurements
For the glucose tolerance test (GTT), blood samples were obtained at 0, 15, 30, 60, and 120 min after intraperitoneal injection of 2 g/kg dextrose. Insulin tolerance tests (ITTs) were performed by injecting 1 U/kg regular insulin (Sigma, St Louis, MO, USA) intraperitoneally, followed by blood collection at 0, 15, 30, 60, and 120 min. Blood glucose values were determined using Accu-Chek Performa glucometer (Roche, Basel, Switzerland). Serum cholesterol (CHO) and triglycerides (TGs) were assayed by the Department of Hematology in Animal Hospital of China Agricultural University.
Histology and immunostaining
Cryostat sections from white adipose tissues (WATs) and liver tissues were prepared. Five micrometer-thick sections were stained with H&E for histological analysis or Oil Red O for the fat droplets accumulation.
For immunohistochemistry (IHC) staining, cryostat sections were incubated with anti-S100A4 (Abcam, Cambridge, UK), anti-F4/80 (BD Pharmingen, San Diego, CA), and anti-Gr-1 antibodies (BD Pharmingen, San Diego, CA), respectively, then were incubated with species matched Alexa dye-labeled or horseradish peroxidase-conjugated secondary antibodies.
For fluorescence double staining, cryostat sections were incubated with anti-S100A4 (Abcam, Cambridge, UK), anti-F4/80 (BD Pharmingen, San Diego, CA), anti-α-SMA (Abcam, Cambridge, UK) antibodies, followed by the staining with Alexa Fluor 488 or 555-conjugated secondary antibodies (Invitrogen, Carlsbad, CA, USA). Sections were evaluated under the microscope (DP71, OLYMPUS) for bright-field and fluorescence microscopy.
Isolation of stromal cells from adipose tissues
Adipose tissues were cut into small pieces and digested by enzyme mixture containing 1 mg/ml collagenase type 2 (Worthington, Lakewood, USA) and 0.1 mg/ml DNase I (Sigma, St Louis, MO, USA) for 40 min at 37°C.
During digestion, released cells were collected on ice, and fresh enzyme mixture was added every 10 min. With this method, adipose tissues were completely digested to release stromal cells, including fibroblasts. Released cells were spun down to separate stromal vascular fraction (SVF) cells from floating adipocytes. Then stromal cells were resuspended in complete Roswell Park Memorial Institute 1640 (RPMI 1640) medium containing 10% fetal bovine serum (FBS) and filtered through a 70-μm cell strainer.
Cell culture and treatment
Murine 3T3-L1 preadipocytes were a kind gift from Dr. Zhenlong Wu (College of Animal Science and Technology, China Agricultural University, China). 3T3-L1 preadipocytes were cultured in RPMI 1640 supplemented with 10% FBS and 100 U/ml penicillin-streptomycin (Invitrogen, Carlasbad, CA, USA) in a humidified atmosphere containing 5% CO 2 at 37°C. Adipocyte differentiation was induced as follows: cells planted in RPMI 1640 containing 10% FBS, 500 μM 3-isobutyl-1-methylxanthine, 1 μg/ml insulin, and 1 mM dexamethasone (Sigma, St Louis, MO, USA). After 2 days of incubation, the medium was replaced with RPMI 1640 containing 10% FBS and 1 μg/ml insulin. Then, the cells were transferred to basic medium for another 2 days.
Quantitative real-time polymerase chain reaction (qPCR)
Total cellular RNA was extracted from collected cells using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). We synthesized cDNA using a Prime Script RT Master Mix Kit (Takara, Tokyo, Japan). qPCR was performed in duplicate with a SYBR Premix Ex TaqTM Kit (Takara, Tokyo, Japan). The data were analyzed using the 2 −ΔΔCt method and normalized against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression.
Cytokine analysis
To detect multiple cytokines in the livers, tissues were homogenized in ice-cold phosphate buffer saline PBS.
Homogenates were centrifuged at 12,000×g for 15 min. The supernatant was collected, and the ProcartaPlex TM multiplex immunoassay (Luminex) (eBioscience, California, USA) was used on a Bioplex-200 system with the Bioplex Manger 5.0 software. The cytokines were analyzed according to the manufacturer's protocol.
Western blot
Cultured cells and dissected tissues were collected, and protein was extracted using RIPA lysis buffer (Beyotime, shanghai, China) supplemented with a cocktail protease inhibitor (Biotool, Huston, USA). Based on the protein concentrations measured using a BCA kit (Bio-Rad, Shanghai, China), equal amounts (30 μg) of samples were mixed with 5X SDS loading buffer (Beyotime, Shanghai, China) and ddH 2 O. Samples were heated at 99°C for 5 min and separated by electrophoresis on a 10% SDS-PAGE gel at 115 V for 1.2 h. Proteins were transferred to a PVDF membrane at 200 mA for 1 h. Membranes were blocked in 5% milk of TBST at room temperature (RT) for 1 h and incubated overnight at 4°C with the following primary antibodies: Akt, phospho-Akt (Ser473), and GAPDH (1:1000; Cell Signaling Technology, Danvers, MA, USA). Membranes were rinsed in TBST, incubated with appropriate secondary antibodies for 1 h at RT and then washed in 1X TBST. After incubation with the ECL plus system (Amersham Biosciences, Uppsala, Sweden), signals were detected using the Image Quant LAS 4000 mini system (GE Healthcare Bio-Sciences, Pittsburgh, PA, England).
Recombinant vector transfection and small interfering RNA (siRNA) interference pEGFP and pEGFP-S100A4 plasmids were kindly provided by Dr. Yingjie Wu (College of Animal Science and Technology, China Agricultural University, China). Transfection of the vectors was performed using Lipofectamine 2000, according to the manufacturer's protocols (Invitrogen, 18292-011). S100A4 siRNA and a nonspecific negative control were purchased from Cell Signaling Technology (USA) and transfected using Lipofectamine 2000, according to the manufacturer's protocols.
Statistics
All of the data were expressed as the mean ± SEM and analyzed using GraphPad Prism software. Significant differences between mean values were obtained using three independent experiments. Differences between two groups were compared using a two-tailed unpaired Student's t-test analysis. One-way ANOVA tests with a Bonferroni correction were used for multiple comparisons. P < 0.05 was considered statistically significant.
Results

S100A4 is expressed in adipose tissue and downregulated in HFD-fed WT mice
The expression of S100A4 in adipose tissues is still not clear. In this study, S100A4
+ cells in WAT were detected by IHC, and many S100A4 + cells were found in adipose tissues (Fig. 1a) . Using double staining, we further revealed that most of the S100A4 + cells were fibroblasts and macrophages. Among these cells, about 63.4% of the S100A4 + cells were α-SMA + and 33.8% of the S100A4 + cells were F4/80 + (Fig. 1b, c) , while the S100A4 + cells rarely expressed CD31, Gr-1, CD4, or CD8 (data not shown).
Adipocytes can be separated from the SVF cells that contain the leukocytes and stromal cells after enzymatic digestion of adipose tissue [28] . We further analyzed S100A4 expression in WAT by qPCR and found that it was mainly
Fig. 1 S100A4 is mainly expressed by fibroblasts and macrophages in adipose tissue, and it is downregulated in HFD-fed WT mice. Groups of C57BL/6 mice and S100A4 −/− mice were fed a CD or HFD for 12 weeks. a S100A4 staining of WAT sections from WT mice (n = 3 per group). Scale bar, 50 μm. b Double immunohistochemical staining of S100A4 (green) with α-SMA (red) or F4/80 (red) in the WAT. Nuclei were counter-stained with DAPI (blue) (n = 3 per group). Scale bar, 50 μm. c The percentages of double staining positive cells in S100A4
+ cells (n = 3 per group). d The mRNA levels of S100A4, PDGF (as a marker of SVF cells) and ADPN (as a marker of adipocytes) in SVF cells and adipocytes from adipose tissue of WT mice (n = 5 per group). e-g The mRNA levels of S100A4 in WATs, muscles and livers from WT mice fed with a CD or HFD (n = 3 per group). h S100A4 staining of WAT from WT mice fed with a CD or HFD (n = 3 per group). i The numbers of S100A4 + cells of each high power field (HPF) (×200) from WAT. CD normal chow diet, HFD high-fat diet. *P < 0.05, **P < 0.01 localized in SVF cells, but seldom in mature adipocytes (Fig. 1d) . Compared with lean mice fed a normal CD, the level of S100A4 mRNA was decreased significantly in WAT from HFD-fed WT mice (Fig. 1e) . Compared with WAT, S100A4 expression was very low in muscle and liver, and there were no obvious differences between CD-WT mice and HFD-WT mice (Fig. 1f, g ). Similar to S100A4 mRNA, the number of S100A4
+ cells was also decreased in WAT in HFD-fed WT mice (Fig. 1h, i) . These data demonstrated that S100A4 is mainly expressed on fibroblast and macrophage populations, but not on mature adipocytes in the WAT of mice, and the S100A4 expression level in adipose tissues was downregulated in HFD-fed WT mice.
S100A4 deficiency aggravates HFD-induced obesity
To confirm the role of S100A4 in the development of obesity, S100A4 −/− mice and C57BL/6 (WT) control mice were fed an HFD or CD for 12 weeks. We observed that body weight gain was sharply increased in S100A4 −/− mice compared with WT mice under HFD, while no changes were observed in mice on CD (Fig. 2a and Supplementary Table 2 ). Consistent with this, deletion of S100A4 increased abdominal fat weight (Fig. 2b) . As illustrated in Fig. 2c , histological analysis revealed that S100A4 −/− mice had massive fat vacuoles compared with WT mice. These results demonstrated that S100A4 deficiency aggravated the pathogenesis of HFD-induced obesity. shown in c. e-g Western blot analysis of Akt and phospho-Akt (Ser473) in WATs, muscles and livers of mice after HFD. Quantification of relative phospho-Akt was assessed by Image J. *P < 0.05, **P < 0.01
S100A4 deficiency downregulates AKT pathway
To preliminarily explore the effects of S100A4 on glucose intolerance and insulin sensitivity, mice were challenged with a GTT and ITT. On HFD, S100A4
−/− mice showed obviously increased glucose intolerance (Fig. 3a, b) and decreased insulin sensitivity (Fig. 3c, d ), compared with WT mice. Current investigations have revealed the relationship between the Akt pathway and insulin regulation during adipogenesis [29] . This pathway is typically inactivated during adipogenesis process, which is shown by decreased level of phosphorylated Akt (Ser473) [30] . Thus, we subsequently evaluated phosphorylation of Akt (Ser473) in WAT, skeletal muscles, and livers. As shown in Fig. 3e , S100A4 deficiency resulted in a significant downregulation in phosphorylated Akt levels in WATs. Consistent with this, there were relatively lower levels of activated Akt pathway in muscles, as well as the livers of HFD-S100A4 −/− mice, compared with HFD-WT mice (Fig. 3f, g ). Taken together, these data suggest that S100A4 constitutes a partial protection against the onset of obesity-associated disturbed insulin signaling.
S100A4 deficiency aggravates hepatic lipid accumulation and inflammation
Lipid accumulation in livers is often accompanied by elevated blood CHO and TG levels and highly related to the morbidity of obesity [31] . Indeed, S100A4 −/− mice showed pronounced higher liver weight in HFD treatment compared with WT mice (Fig. 4a) . Further, histological analysis displayed a higher lipid accumulation in the liver of S100A4 −/− mice (Fig. 4b) . In line with this, CHO and TG were both significantly higher in HFD-S100A4 −/− mice, compared with HFD-WT mice (Fig. 4c, d ). To further explore the mechanisms underlying the high levels of CHO and TG observed in S100A4 −/− mice, we tested the abundance of transcription genes related to lipid biosynthesis and metabolism including fatty acid synthase (FAS), peroxisome proliferators activated receptor γ (PPARγ), sterol regulatory element binding protein 1c (SREBP 1c), and adiponectin (ADPN) in livers. We found that the levels of FAS, PPARγ, and SREBP 1c were significantly increased, while ADPN was decreased in the livers of HFD-S100A4 −/− mice compared to HFD-WT mice (Fig. 4e) . It is clear that an enhanced inflammatory response (which was characterized by an increased secretion of proinflammatory and chemokine factors) is a major driver of abnormal insulin pathway and metabolic syndrome in obesity [32] . We then assessed the levels of several inflammation cytokines, and found that the levels of inflammatory protein-2 (MIP-2), interferon-γ (IFN-γ) , interleukin-1 beta (IL-1β), interleukin-6 (IL-6), interleukin-13 (IL-13), and interleukin-17A (IL-17A) were much higher in the livers of HFD-S100A4 −/− mice than that in HFD-WT mice (Fig. 4f) . In addition, we also revealed that the numbers of infiltrated F4/80 + macrophages and Gr-1 + neutrophils were also increased in WAT of HFD-S100A4
−/− mice compared with HFD-WT mice (Fig. 4g, h ). Therefore, these results indicated that S100A4 deficiency may contribute to impairing insulin signaling via modulating secretion of adipokines and inflammatory factors in HFDinduced obesity mice.
Extracellular S100A4 improves Akt activation and inhibits inflammation in adipocytes
We then used insulin to simulate the hyperinsulinic environment in obesity in 3T3-L1 adipocytes to explore the role of extracellular S100A4. Stimulation of these cells with S100A4 resulted in a significant increase of phosphorylated Akt (Ser473) levels (Fig. 5a, b) . In addition, S100A4 administration downregulated transcription of lipogenesis genes and inflammatory factors in 3T3-L1 adipocytes (Fig. 5c, d ). These results confirmed that extracellular S100A4 protein could attenuate insulin resistance while decreasing expression of lipogenesis genes and inflammatory genes in adipocytes.
Overexpression of S100A4 leads to an increase Akt activation in adipocytes; whereas a siRNA mediated suppression of S100A4 decreases Akt activation
Further, we detected the role of endogenous S100A4 in adipocytes in hyperinsulinic environment. We found that overexpression of S100A4 also increased insulin-induced Akt activation (Fig. 6a, b) , and suppressed the mRNA levels of lipogenesis genes, as well as inflammatory factors in 3T3-L1 adipocytes (Fig. 6c, d ). Such effects were also partially diminished in si-S100A4-treated 3T3-L1 cells (Fig. 7a-d) . These data demonstrated that S100A4 promoted Akt activation through inhibiting lipogenesis and inflammation in 3T3-L1 adipocytes. −/− mice in HFD were measured (n = 5 per group). e qPCR analysis of lipogenic gene expression in livers from WT and S100A4 −/− mice. f Levels of several inflammationrelated cytokines in livers from WT and S100A4 −/− mice. g F4/80 and Gr-1 staining of adipose tissue from WT and S100A4 −/− mice. Scale bar, 50 μm. h The numbers of F4/80 + cells and Gr-1 + cells of HPF (×200) from adipose tissue. *P < 0.05, **P < 0.01 Fig. 5 Effects of extracellular S100A4 on the expression of Akt in 3T3-L1 adipocytes. Insulin signaling was quantified by phosphorylation of the downstream effector Akt. a S100A4 (1 ug/ml) treatment for 4 h activated the Akt signaling pathway in 3T3-L1 adipocytes. b Quantification of relative phospho-Akt by Image J. c qPCR analysis of lipogenic gene expression in 3T3-L1 cells. d Relative mRNA expression of inflammatory genes in 3T3-L1 cells. *P < 0.05, **P < 0.01 Fig. 6 Effects of overexpressed S100A4 on the expression of Akt in 3T3-L1 adipocytes. a 3T3-L1 cells were transfected with either a plasmid overexpressing S100A4 (pEGFP-S100A4) or a control plasmid (pEGFP). Insulin signaling was quantified by phosphorylation of the downstream effector Akt. b Quantification of relative phospho-Akt by Image J. c qPCR analysis of lipogenic gene expression. d Relative mRNA expression of inflammatory genes. *P < 0.05, **P < 0.01 Fig. 7 Effects of silenced S100A4 on the expression of Akt in 3T3-L1 adipocytes. Endogenous S100A4 in 3T3-L1 was silenced using siRNA approach. a The expression of phospho-Akt in 3T3-L1 adipocytes was measured by western blot. b Quantification of relative phospho-Akt by Image J. c qPCR analysis of lipogenic gene expression. d Relative mRNA expression of inflammatory genes. *P < 0.05, **P < 0.01
Discussion
In this study, we demonstrated that S100A4 alleviated obesity and promotes insulin signaling activation in HFD administration. S100A4 was mainly expressed by fibroblasts and macrophages in adipose tissue, and it was downregulated in HFD-fed WT mice. HFD-induced weight gain, and insulin pathway was inactivated in S100A4 deficient mice. Hepatic lipid accumulation and inflammation were also aggravated in S100A4 −/− mice. Furthermore, extracellular S100A4 protein, as well as high-expressed intracellular S100A4 promoted insulin-related Akt activation in adipocytes and depressed transcription of fat formation-related genes, as well as proinflammatory genes. S100A4 plays important roles in many physiological functions, such as cell motility, adhesion, proliferation, invasion, and metastasis [14, [33] [34] [35] . Intracellularly, S100A4 binds to several targets, regulating cytoskeletal dynamics and cell motility and proliferation [36] . Moreover, S100A4 is secreted from both tumor and nonmalignant cells and exerts extracellular effects regulating angiogenesis, cell migration and inflammation [33, 37, 38] . However, its role in obesity development, insulin signaling and obesityrelated inflammation has not been well established. It has been reported that certain members of the S100 family have obesity-facilitating properties. S100B promoted obesity by impairing insulin sensitivity and overexpression of S100A16 can enhance adipogenesis in 3T3-L1 preadipocytes [39, 40] . However, S100A4 seems to play a protective role during obesity in our study. Our results demonstrated that S100A4 deficient mice showed severe symptoms during HFD-induced obesity, and both intracellular and extracellular S100A4 could promote activating Akt signaling in 3T3-L1 adipocytes. Because S100A4 is a small molecular protein, we conjecture that S100A4 inhibits obesity development via collaborating with other intracellular proteins or transcription factors. On this point, S100A4 has been reported to affect various protein kinases, especially Akt, which is not only a well-recognized tumor modulator but also an adipogenesis regulator [41, 42] . This study displayed that S100A4 stimulates activation of the Akt pathway (the key insulin-related pathway) during HFDinduced obesity. Thus, regulating the expression of S100A4 may obviously influence insulin sensitivity in adipocytes through insulin-mediated glucose disposal or insulin signaling.
Former observations have reported that inhibiting several regulators (including FAS, SREBP-1C) hinders liver lipid deposition in obesity and its associated symptoms [43] [44] [45] . In this study, we found that S100A4 deficiency caused elevated accumulation of liver fat, and that led to elevated CHO and TG (Fig. 4c, d) . Consistent with this, the data obtained from 3T3-L1 adipocytes verified the presupposition that S100A4 works as a new adipogenesisinhibitor, which downregulates transcriptional activities of the regulators mentioned above. In addition, many studies have demonstrated that obesity-induced inflammation plays a critical role in the generation of metabolic syndromes, including a dysfunctional glucose metabolism and insulin pathway [46, 47] . A number of inflammatory cytokines have been extensively shown to play critical roles in obesity-related inflammation and insulin resistance, including IL-1β, IL-6, and IL-17A [48, 49] . In this study, we found that cytokine MIP-2, IFN-γ, IL-1β, IL-6, IL-13, and IL-17A levels were significantly increased in the livers of HFD-S100A4 −/− mice than that in HFD-WT mice (Fig. 4f) , while the infiltration of F4/80 + macrophages and
Gr-1 + neutrophils in adipose tissue were also aggravated in HFD-S100A4 −/− group (Fig. 4g, h ), suggesting that S100A4 inhibited inflammation in the HFD model. However, it has also been reported that S100A4 induced a network of inflammatory cytokines or promoted inflammatory response of mononuclear cells in other models [50] . Thus, the inflammation regulatory function of S100A4 may be different under various conditions, and the related mechanisms need further study. S100A4 expression was initially characterized in the cells of mesenchymal origin, including stromal fibroblasts and epithelial cells undergoing epithelial-mesenchymal transition [51] . Recently, it was found that S100A4 + cells in the liver were a subtype of macrophages [15] . However, it seems that S100A4 is expressed in different types of cells in various tissues. The cellular origin of S100A4 in the adipose tissues is not clear. We found many stromal cells expressed S100A4 in adipose tissues from HFDinduced obesity mice. Of the S100A4 + cells, approximately 63.3% were SMA + fibroblasts and 33.8% were F4/80 + macrophages. However, the role of the different types of S100A4 + cells in adipose tissues microenvironment and obesity still needs further elucidation. Receptor for advanced glycation end products (RAGE), a pattern recognition receptor, is a well-established interaction partner for S100A4 [52] . RAGE has been recently reported to be associated with AGE-deteriorating action in diabetes, as well as obesity in nondiabetic animals [53, 54] . In this study, we analyzed whether the S100A4 induced insulin signaling activation in 3T3-L1 adipocytes were RAGE-dependent. The RAGE-specific inhibitor FPS-ZM1 was administered to 3T3-L1 cells. However, RAGE inhibition by FPS-ZM1 in 3T3-L1 cells did not result in the abolishment of the promotion effect of S100A4 on Akt activation (data not shown). The receptor of S100A4 in obesity development needs further study.
In conclusion, our results demonstrate that S100A4 inhibits adipogenesis by activating the Akt pathway and reducing inflammation factors. Lack of S100A4 promoted HFD-induced obesity, hepatic lipid accumulation and inflammation. This study reveals an interesting linkage between S100A4, insulin signaling (Akt pathway) and inflammation during obesity development. S100A4 may provide a promising target for adiposity prevention and treatment.
